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Abstract
Numerical modeling of geothermal systems requires the best possible knowledge of porosity and permeability within the 
geothermal reservoir. The deep Jurassic Yarragadee Aquifer in the Perth Basin consists of various different lithofacies but is 
characterized by a high average permeability and the likely occurrence of free convection, making this Aquifer to a promising 
low-medium enthalpy geothermal reservoir unit.
We define a log(permeability) - porosity model based on a combination of the Kozeny-Carman equation and fractal theory and 
calibrate it by nonlinear regression using a least-squares approach to the Yarragadee Aquifer in the Perth Basin. For the 
calibration, we use over 100 measurement pairs of porosity and permeability from three boreholes in the vicinity of our model 
domain. The calibrated model reasonably covers the control of lithofacies on permeability.
© 2014 The Authors. Published by Elsevier Ltd.
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1. Introduction
Modelling a geothermal reservoir requires assessing of petrophysical rock properties, such as porosity, 
permeability or matrix thermal conductivity. Petrophysical data are usually performed on core samples, cuttings or 
rock analogues, thus providing just a small (1D) insight into the petrophysics of the studied reservoir. Knowledge 
about porosity, permeability and their relationship is required for simulating heat and mass transport in a reservoir.
Usually, empirical, reservoir-specific relations between the logarithm of permeability (log(k)) and porosity (I) are 
deduced from data, which stem from the studied basin [1].
This paper presents a calibration of a log(k) - I model, which is based on a combination of the Kozeny-Carman 
equation[2] and fractal theory on the Perth Metropolitan Area (PMA). This semi-empirical model allows for 
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considering spatially heterogeneous porosities and permeabilities when assessing the geothermal potential in the 
PMA by hydrothermal simulations. The Kozeny-Carman equation relates permeability and porosity assuming 
laminar flow in tubular cylinders and is used in many problems of flow in porous media. A more generalized form 
of the Kozeny-Carman relation is derived from fractal theory, involving the tortuosity of the porous media[1].
The city of Perth was rated among the TOP 10 geothermal cities worldwide [3]. With summer temperatures in 
Perth of 30 °C on average, a major part of the energy demand is devoted to the operation of compression chillers. 
An attractive alternative are sorption chillers whose energy demand can be covered by direct heat from geothermal 
reservoirs. Based on the documented results from intensive hydrocarbon exploration, the major Yarragadee Aquifer 
consisting of Jurassic fluviatile sediments is assumed to be suited for low-medium enthalpy geothermal energy 
exploitation. In particular, the possibility of free convection within this about 2 km thick sedimentary succession is 
considered to: (1) generate favorable conditions locally (i.e. in regions of upward flow and thus, increased 
temperatures at shallow depths); (2) increase uncertainty of estimated temperatures at depth. 
Numerical models which assessed the geothermal potential of the PMA previously focused on the impact of 
structure, particularly the importance of faults [4]. But as regions of relatively increased permeability within the 
aquifer will likely influence the modelled convection pattern, detailed knowledge on the porosity and permeability 
distribution in the reservoir is important. Our model relates porosity distributions deduced from well logs to 
permeability distributions. In turn, those distributions are the input for stochastic models, simulating the geothermal 
potential in the PMA.
Nomenclature
PMA Perth Metropolitan Area
FZI Flow Zone Indicator [m]
I porosity [-]
k permeability [m²]
c0 Kozeny constant
MS specific surface per unit volume of the matrix [m²/m³]
reff effective hydraulic pore radius [m]
rgrain grain radius [m]
L length of the porous body [m]
LE length of the tortuous channel [m]
T tortuosity (L/LE)² [-]
D fractal dimension [-]
* factor depending on lithology in Archie’s law [-] 0.6 < * < 2
m cementation or tortuosity factor 1 < m < 3
A,B,C constants in the applied pigeon-hole fractal model [nm²]
exp1 exponent 1 in the pigeon-hole model, equal to tortuosity m of the pore space
exp2 exponent 2 in the pigeon hole model, including the fractal dimension D
c1 relation between pore and grain radius 0.39 < c1 < 1
H I / (1-I)
2. Geological background
The Perth Basin developed as a rift system during the divergence and breakup of Australia and greater India from 
the Permian to the Cretaceous. Situated at the south-western continental margin of Australia (Fig. 1), the Perth Basin 
is a north-south elongated trough filled with Permian to Cenozoic sediments with a thickness of locally up to 15 km.
Series of north-south trending normal faults and younger northwest-southeast trending transfer faults divide the 
basin into a complicated graben system with numbers of sub-basins [5], whose relative different subsidence rates are 
reflected by spatially highly variable thicknesses of the same sedimentary unit. As a consequence of this differential 
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subsidence and corresponding relative sea level changes, the sedimentary setting varied between continental and 
marine during the basin history. Thus, porosity and permeability depend directly on facies or lithology, or the 
hydrological units of the reservoir [6]. In the studied area, these are reflected by deep siliciclastic aquifers which are 
possible exploration targets for geothermal energy production. Of particular interest is the Jurassic Yarragadee 
Aquifer which consists of a wide range of fluvial sediments. These can be referred to a coastal system with braided 
streams, comparable to the recent sedimentary environment in the Perth Basin [7]. Drilled sediments in the 
Yarragadee Aquifer range from permeable fluvial channel sediments to little permeable floodplain deposits. The 
high variability in sedimentary facies already suggests that it is important to consider spatial heterogeneity in 
petrophysical rock properties when assessing the geothermal potential of the Yarragadee Aquifer.
Fig 1: Map of the studied location. The wells, from which data was taken are marked by red diamonds. Note that Gingin 1 lies around 28 km to 
the north outside of this map. Topography is color-coded with red indicating higher altitudes. Note that Gingin1 lies northwards outside of the 
model boundaries. Petroleum wells (blue dots) and artesian monitoring wells (pink dots) were used during construction of a 3D structural model 
(structural map modified from [5]).
The dimensionless Rayleigh number is a measure for the onset of free convection in a geothermal aquifer and 
permeability is one of the most important controlling parameters. With a high average permeability, free convection 
is assumed to occur within the Yarragadee Aquifer [4,8]. Therefore, its average value and spatial heterogeneity may 
influence the convective pattern and should be considered in numerical reservoir models.
3. Fractal model for a porosity – permeability relationship
Two of the most important petrophysical properties of reservoir rocks are porosity and permeability. However, 
one is often limited to 1D information from well-logs and core samples. Measurements on core samples of reservoir 
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rocks (petroleum or geothermal) display a great variability in porosity and permeability [9]. The variation of 
porosity and permeability with depth depends on thermal and burial exposure, i.e. diagenesis and the main lithology. 
Those conditions vary not only from reservoir to reservoir, but can also vary within a reservoir unit. Thus, models 
defining a log(k) - I relationship, are usually valid for specific geographic regions and data bases.
While empirical models often comprise exponential equations fitted to the data, semi- to non-empirical models 
exist which consider the physical state of the pore space. Those models usually are based on the Kozeny-Carman 
equation for laminar flow through porous media [2,10,11]:
(1)
The semi-empirical nature of the Kozeny-Carman equation gave rise to numerous modifications for improving 
permeability prediction (summarized in [10,11]). Some approaches combine the Kozeny-Carman equation with 
fractal theory of porous media for taking into account the nonlinear increase in permeability at porosities greater 
than 10% [1,12,13,14]. These include modifications of equation (1) by introducing the effective pore-throat radius 
reff and tortuosity T of the porous medium. Tortuosity is defined as the squared ratio between a tortuous channel 
length LE (i.e. length of streamlines) and a straight connection L between the two ending points of the tortuous 
channel T = (LE/L)² [14].
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Pape et al. [15] defined a particular fractal model (pigeon-hole model) which represents a pore network 
connected by capillaries (pore-throats). They showed that tortuosity can be understood as a fractal which depends on 
the ratio between grain radius rgrain and the effective pore-throat radius reff and the fractal dimension D:
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Equation (3) illustrates that tortuosity T increases with increasing fractal Dimension D, which is logical as the 
more tortuous a pore space is, the more nested it is, i.e. the more specific surface area exists. Pape et al. [1,13] point 
out that this relationship does not apply in the whole range of fractal dimensions. The existence of a dense fracture 
network for example generates additional flow paths, which in turn reduce the tortuosity of the rock matrix.
Inserting equation (3) in equation (2) yields a functional relationship which allows for determining permeability of a 
rock type if porosity and the average grain radius are known. If information on the grain radius is not provided, 
tortuosity can be calculated using Archie’s first law T/I = *Im where * and m can be related to fractal theory. Pape 
et al. [1,13] provided expressions for * and m based on the pigeon hole model m = (0.67(D-2))/(c1(D-3))-1 and 
*=143/0.534-m+1. They found a three-term power series relating porosity and permeability:
 exp2exp1 CBAk III 10 (4)
A detailed derivation of this model can be found in [1]. The three terms in equation (4) are dominant for different 
porosity ranges, e.g. AIfor porosities < 1 %. Exp1 is directly related to the tortuosity factor m of the porous medium
and exp2 = m + 2/(c1(3-D)) with 0.39 < c1 < 1.
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4. Porosity and permeability data
Recent increase in geothermal exploration in the Perth Basin was associated with detailed petrographic studies of 
the main geothermal reservoir units, including laboratory measurements on core samples [6,7]. Measured data pairs 
of porosity and permeability were used in combination with existing data [16] for calibrating equation (4) to the 
porosity and permeability data of the Yarragadee Aquifer. We used 104 data pairs of porosity and permeability 
measurements, which were measured on core samples of three different petroleum wells (Cockburn 1, Gage Roads 1 
and Gingin 1; see Fig. 1) in the vicinity of the Perth Metropolitan Area which will in a next stage be modelled as a 
geothermal system using the calibrated log(k)-I relationship.
Sedimentary environment and burial history changes from the southern towards the northern Perth Basin. 
Measured porosities are lowest in the northernmost well Gingin 1 and highest in the southernmost well Cockburn 
1(Fig. 2 a). Median porosities in Cockburn 1 are around 20 %, while around 14 % in Gingin 1. However, the sample 
interval in Gingin 1 ranges over a larger depth interval (380 m to 3315 m depth) compared to Cockburn 1 (543 m to 
1587 m) and Gage Roads 1 (2599 m to 2949 m). In Gingin 1, the Yarragadee Aquifer is significantly thicker than in 
Cockburn 1 as the whole formation was drilled in both wells [6]. However, a similar trend can be observed when 
comparing data from Cockburn 1 and Gingin 1 at depths shallower than 1600 m. This may imply changes in 
lithofacies, or a different burial history. 
Table 1 summarizes the statistical properties of porosity and permeability data used in this study. The range of 
permeability in the Yarragadee Aquifer is relatively broad (Fig. 2 b) which is not surprising in regard to the sampled 
depth interval. Permeability data from Gingin 1 spreads over several orders of magnitude, with the majority of the 
data concentrated at higher permeabilities (indicated by the shifted median in Fig. 2 b), although it shows the lowest 
porosities. Combined with an average formation thickness of around 2 km, this high average permeability of above 
10-13 m² may suggest that free convection is likely within the Yarragadee Aquifer.
Therefore, a proportion of the measurements from Gingin 1 are connected to core samples from greater depths, 
thus presumably having a lower porosity than shallower samples, inferring pore closure due to overburden pressure.
However, porosity measurements on samples from Gage Roads 1 stem from a depth comparable to the deeper 
measurements from Gingin 1 and are still slightly higher. Further, comparison between porosities from Cockburn 1 
and Gingin 1 from the same depth interval also reveals slightly higher porosities in Cockburn 1. 
Delle Piane et al. [6] classified the measurement pairs into Flow Zone Indicators (FZI). It is described as a ratio 
between permeability and porosity multiplied with a correction factor:
IH
kFZI 0314.0 (5)
with H = I / (1-I). This parameter indicates that rocks with similar FZI correspond to the same hydraulic unit. Our 
nonlinear regression shows a good fit for lower FZI, which are crucial to determine the onset of free convection.
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Fig. 2: Boxplots illustrating the porosity range in the three investigated wells, sorted from south (left) to north (right). This combined data set 
covers a porosity range from 2 % to 33 %, while the majority of measurements is between 10 % and 25 %. Yellow lines mark the median, the 
lower box end the 1st quartile (Q1), the upper box end the 3rd quartile (Q3). The whiskers visualize 1.5 × the interquartile range (Q3 – Q1). The dots 
are data points, which lie outside of the interquartile range (i.e. bigger 1.5 × Q3 or smaller 1.5 × Q1) and may be considered as outliers. 
Table 1: Statistical values for porosity and permeability of the Yarragadee Aquifer, using the combined 
data set of the three wells Cockburn1, Gage Roads 1 and Gingin 1
I[%] k [10-15 m²]
Minimum 1.43 0.0022
Maximum 32.46 3700
Mean (arithmetic) 17 257.13
Standard deviation 6.06 610.61
5. Model calibration
Aim of this study is to find a functional relationship between the observed porosities and permeabilities from data 
of the Perth Basin shown in section 4. We apply equation (4) and use a non-linear least-squares approach based on 
the Levenberg-Marquardt algorithm [17] for a regression of equation (4) to determine the coefficients A, B, C. The 
exponents exp1 and exp2 were also determined from the regression as the fractal dimension is not known a priori.
Because permeability is distributed log-normal and the majority of the data set biased towards higher 
permeabilities, we transformed the permeability by taking the logarithm prior to regression for ensuring equal 
weighting of all available data points. The numerical variables which are to be determined by nonlinear regression 
are treated as parameter objects. This enables setting lower and upper bounds for the value or directly evaluate the 
calibration during fit. Minimizing the squared residuals between measured and simulated model responses, we 
obtain the calibrated relation:
  01.88.2 1085.38786.1990337.166 III  k (6)
With a coefficient of determination R² = 0.65. This rather low value can be explained by the larger spread in 
permeabilities at higher porosities (Fig. 3, at the interval 8 % < I < 10 %). These data points (e.g. at I§ % k
ranges from 0.032 × 10-15 m² to 95 × 10-15 m²) cause the regression to lie a bit above the majority of measurements 
in this porosity range. However, due to the logarithmic scale, this does not greatly affect modelled permeabilities. 
Overall the calibrated equation (6) shows an acceptable fit concerning the available data.
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Fig 3: Nonlinear regression of equation (4). Measurements are plotted as dots, the line denotes the calibrated function (equation 6) in a porosity 
range from 0.1 % to 40 %.
6. Application of the calibrated fractal model
In further studies the calibrated equation (6) is used for calculating a permeability distribution from a porosity 
distribution, which is deduced from geophysical well-logs in the PMA (in particular from the Cockburn 1) by
applying the Wyllie method [18]. These coupled distributions are then used together with a correlation length, 
derived by variogram analysis, for creating stochastic realizations of porosity and permeability in a discretized 3D 
numerical model of the PMA. Using an ensemble of different realizations we assess the impact of spatial 
heterogeneous porosity and permeability on free convection in the Yarragadee Aquifer and associated implications 
for the PMA as a geothermal system.
Fig 4: Histograms representing distributions of porosity and permeability used which were deduced from well-log analysis in Cockburn1 and by 
using equation (4). These distributions will be used for creating stochastic realizations of porosity and permeability in the Yarragadee Aquifer.
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7. Conclusion
Laboratory measurements on cores from the Perth Basin show a wide range of porosity and permeability in the 
Yarragadee Aquifer. Porosities encountered in the borehole Cockburn 1 are higher compared to the similar depth 
interval in the northern borehole Gingin 1. In addition to described vertical variations in I and k [7], significant 
lateral variations in porosity and permeability within the Yarragadee Aquifer have to be considered. Lateral 
variations are mainly controlled by a variety of different lithofacies within the Aquifer [7].
We calibrated a model based on the Kozeny-Carman equation and fractal theory for assessing a relation between 
porosity and permeability valid for the PMA. The calibration shows a reasonable fit to the data from the study area. 
It covers the described range of different lithofacies, i.e. facies with different FZI, yielding a calibrated equation 
which is valid for relating porosities to permeabilities in the PMA. Assuming available data on porosity, e.g. from 
well-log analysis, the derived model can be utilized to estimate permeabilities from porosity data.
When assessing the geothermal potential of the PMA, knowledge about the magnitude and also the distribution of 
porosity and permeability is crucial. Hence, the presented calibration can enhance numerical models, which simulate 
the Perth Basin as a hydrothermal system for estimating the local geothermal energy potential.
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